The Importance of Cellular Edema
The treatment of cellular edema is far more complex, given that a precise identification of the processes that govern resolution as well as entry of fluid into the cell is unknown. Cellular brain edema is a life-threatening complication of cerebral infarction. 147 The molecular cascade initiated by cerebral ischemia includes the loss of membrane ionic pumps and cell swelling. Secondary formation of free radicals and proteases disrupts brain cell membranes, causing irreversible damage. New diagnostic methods based on MR imaging have markedly improved diagnostic accuracy. Cytotoxic and vasogenic edema aregreatest by 24 to 72 hours after the ischemic event. Thrombolytics reperfuse tissue and improve outcome; when treatment is delayed, they can increase edema and BBB opening. Although osmotherapy reduces brain water and is used to treat ischemic edema, its efficacy remains to be proven. With regard to trauma, the use of experimental models of head injury in earlier work has shown that drugs inhibiting K + -stimulated HCO 3 -dependent swelling of brain cerebrocortical slices were effective in inhibiting astrocytic swelling. Qualitative and quantitative electron microscope studies have shown that members of the fluorenyl class of drugs inhibit astrocytic swelling associated with an experimental animal head injury model. It was posited that astrocytic swelling in pathological states may be partly due to activation of Cl -/HCO 3 -and Na + /H + exchange systems driven by increased astrocytic intracellular hydration of CO 2 .
Cellular Edema in Ischemia
Results of both experimental and clinical studies have indicated that cerebral edema develops following acute regional ischemia and can cause mass effect and herniation that results in a further decrease in CBF. Complete interruption of CBF, as induced in cardiac arrest, results in the rapid breakdown of all electrophysiological and metabolic functions of the brain. 63 The edema associated with ischemia has a characteristic time course and begins with a cytotoxic phase in which energy failure results in intracellular fluid accumulation associated with shifts in sodium and potassium between intra-and extracellular compartments of the brain. 131, 142, 145, 148, 154, 155, 179, 191, 195 With ongoing ischemia, the core region of impaired metabolism expands, leading to gradual infarction of the penumbra. 62 Treatments for the combination of ischemic edema and eventual vasogenic edema secondary to barrier compromise have not been successful, and more work needs to be done, not only to elucidate the pathophysiology but to better understand the process of cellular edema resolution.
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Edema Development Following Intracerebral Hemorrhage
The vasogenic and cellular components of edema following trauma and/or ischemia are well described. However, the cause of the edema development following intracerebral hemorrhage remains unknown. Studies involving stereotactic injection of various blood products such as concentrated blood cells, serum from clotted blood, and plasma from unclotted blood all failed to produce experimental edema in rodents. However, the introduction of prothrombinase to plasma to activate the coagulation cascade produced brain edema. 99 Authors of subsequent studies have demonstrated that thrombin increased brain edema when concentrations as low as 1 U/l were infused into rodent brain. 98 Work is ongoing to develop strategies for combating initiation of the coagulation cascade. 113, 130, 190, 197 
Cellular Edema in TBI
Results of recent studies of TBI have indicated that the predominant type of edema in these injuries is cellular. 66 These results have been confirmed by other investigators. 176 It has been documented that ionic dysfunction occurs with TBI and that extracellular K + is transiently increased as a result of the depolarization synchronous with mechanical insult. 75, 121 It is reasonable to suspect that the net balance of ionic movement that accompanies brain injury results in the movement of cations out of the extracellular space into cells. The movement of Na + and Ca -is passively followed by Cl -to maintain electroneutrality and is followed isosmotically by water. If sustained, these ionic disturbances result in cellular swelling and cytotoxic edema, which has have shown to be the primary contributor to raised ICP.
Effect of Hypothermia on Cellular Edema
Mild hypothermia on the order of 32˚C has been shown to be neuroprotective. The question has been posed if part of this neuroprotection was due to the amelioration of cellular edema. 115 It was observed that hypothermia itself was causing significant swelling of glial cells in a dose-dependent manner. In that study the authors reported that inhibition of the Na antiporter. However, mild or moderate hypothermia failed to prevent cell swelling from other toxins (lactic acid, arachidonic acid, or glutamate), mediating the development of cytotoxic brain edema. As a result, it was considered that cerebral protection by hypothermia in vivo is most likely not attributable to an inhibition of cytotoxic brain edema.
Effect of Steroids on Brain Edema
Despite frequently encouraging experimental results concerning the effectiveness of steroids, particularly in the late 1960s, clinical trials of glucocorticoids in ischemic stroke, intracerebral hemorrhage, aneurysmal subarachnoid hemorrhage, and TBI have not shown a definite therapeutic effect. 49 The evidence supporting glucocorticoid therapy for spinal cord injury is controversial; however, methylprednisolone continues to be widely used in this setting. [25] [26] [27] 46, 89, 109, 153, 159, 160, 162, 171, 180 In contrast, in clinical trials for head injury and stroke, corticosteriods have not been shown to be effective in treating cellular edema.
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Aquaporins and Their Pivotal Role in Edema
The recent discovery of AQPs 178 was acclaimed enthusiastically, given that they may provide a mechanism for massive water movement across the cell membrane. Water permeability was considered to be a special case, because several criteria have been developed to distinguish between transport through pores or diffusion through the lipid bilayer. The identification of the AQP family, a water-conducting protein-based channel consisting of 11 subtypes ubiquitously distributed in tissues and organisms, was a landmark discovery. Despite a common molecular structure, mammalian AQPs have been subdivided into three functional groups according to permeability characteristics. 183 The AQPs, including AQP0, AQP1, AQP2, AQP4, AQP5, AQP6, are permeable to water. The aquaglyceroporins, including AQP3, AQP7, and AQP8, are permeable to water, glycerol, and urea. The neutral solute channels, including AQP9, are permeable to water, glycerol, urea, purines, pyrimidines, and monocarboxylates. The AQP10, like AQP9, is permeable to water and neutral solutes but is not permeable to urea and glycerol. 58 The AQPs are ubiquitously distributed in mammalian tissue. To date, the following six AQP subtypes have been described in rodent brain: AQP1, AQP3, AQP4, AQP5, AQP8, and AQP9. 12, 42, 120, 181, 193 Of the six AQP subtypes described in rodent brain, much of the data come from AQP4, one of the first subtypes described in the central nervous system. Aquaporin-4 is expressed in the astroglial endfeet membranes adjacent to blood vessels. 119 It was observed around all vessels of any size in white and gray matter and in all brain structures currently being studied: forebrain, diencephalons, midbrain, and brainstem.
12, 181 Nicchia et al. 118 reported that AQP4 was responsible for the fast water transport of cultured astroglial cells and might be a primary factor in ischemia-induced cerebral edema. Moreover, it was observed that mice lacking AQP4 were partially protected from brain edema in water intoxication and ischemic models of brain injury. 183 In a seminal article, Manley et al. 103 further showed in AQP4-deficient mice a 35% decrease of cerebral edema following middle cerebral artery occlusion, as measured by the percentage of hemispheric enlargement. Alterations in the expression of AQP4 in cultured rat astrocytes during hypoxia and reoxygenation were also noted. 193 Investigators have also reported that an increase of water content in the brain after intraperitoneal injection of distilled water and 8-deamino-arginine vasopressin was greatly delayed in dystrophin-null transgenic mice. 178 It was also noted in this work that the dystrophin-associated proteins are essential for proper localization of AQP4 protein in brain. These results indicated that AQP4 may play a key role in modulating brain water transport and raised the possibility that AQP4 inhibition could provide a new therapeutic option for reducing brain edema in a wide variety of cerebral disorders. Nevertheless, electron crystallographic analysis of the 3D structure of AQP1 revealed an hourglass-shaped channel with 8-Å apertures at both ends and a central constriction (3 Å in diameter). 116 With this configuration, only water molecules in a chain, not solutes, pass successively through the narrow channel. Aquaporins are thus a simple water channel whose upregulation increases the water filtration coefficient of the membrane and allows the passage of water in either direction along the osmotic gradient secondarily to the regulatory or recovery processes. The specific anatomical and cellular localization of the AQP4 water channel, localized on the astrocytic endfoot, has been implicated in playing a major role in water balance. 181 The finding by Manley et al. 103 that AQP4 deletion in knockout mice reduces brain edema after acute water intoxication and ischemic stroke implicates new avenues for treatment, particularly if pharmacological modulation of AQP4 is possible. It has been demonstrated in the laboratory that AQP4 can be modulated pharmacologically, 8,86,87 but more work is needed before translating these results to the patient.
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Regulation of AQP4 Following Injury
There is some evidence, however inconsistent, regarding regulation of AQP4 after brain injury. In different models inducing neuronal degeneration, AQP4 mRNA was upregulated following BBB disruption. 185 In a combined head injury model, AQP4 immunostaining was negative and the AQP4 mRNA downregulated in areas with impaired BBB. 78 Following cortical impact injury, hemispheric ipsilateral AQP4 was progressively downregulated within the first 48 hours. 77 Similar results were found following ischemia and hypoxia, 193 all known to produce a predominantly cytotoxic edema.
Clearance of Vasogenic Edema
The processes involved in the resolution of vasogenic edema are better understood than those of cellular edema. Fluid moves through the interstitium via both bulk flow and diffusion processes. 122, 124 In vasogenic edema clearance, three possible mechanisms have been considered to be responsible for clearance of extracellular water: 1) migration of extracellular water to the CSF by bulk flow in the presence of pressure gradients; 85, 143, 144 2) glial uptake of the protein components of edema fluid;
45,188 and 3) reverse vesicular transport from the blood via transendothelial passage. 186 Authors of studies have shown that the primary route for clearance of a proteinaceous fluid is the CSF pathway.
52,124 These findings support earlier results by Reulen and colleages, 144 who demonstrated movement of edema fluid toward the ventricle. In other studies 123, 124 it was noted that during the infusion of fluid into the parenchyma when the edema is pressure driven, the fluid traveled to the cortex by three paths: the extracellular space of the neuropil, the expanded pericapillary space around microvessels, and the expanded perivascular space. The possibility that materials are eliminated by drainage along perivascular channels into the CSF in the subarachnoid space has been reported. 33 Findings of our studies would also suggest that the perivascular spaces of venules and veins are the primary pathway for the efflux of solutes from the brain parenchyma to the CSF space. [122] [123] [124] A striking observation in these infusion studies was that neither astrocytes nor neurons were observed to take part in the clearance process, which is in contrast to reports that cellular uptake of protein was the major mechanism for clearance of vasogenic edema.
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The Role of AQPs in Edema Clearance
Papadopoulos et al. 128 demonstrated in mice killed immediately after 60 minutes of continuous intracerebral infusion that AQP4-null mice developed higher ICP and brain water content compared with wild-type controls. Aquaporin-null mice have reduced brain swelling and improved neurological outcome in models of cellular edema including water intoxication, focal cerebral ischemia, and bacterial meningitis. 102, 183 However, if studied only during the infusion process, the processes of resolution may be misleading as clearance of extracellular edema takes considerable time. 122, 124 Interestingly, AQP9 was upregulated in astrocytes surrounding ischemic lesions, suggesting that AQP9 may play a role in the regulation of postischemic edema. 11 The role of the AQPs in the clearance process of edema remains to be clarified. In a model of intraparenchymal injection of lipopolysaccharide, it was observed that the first signs of barrier disruption coincided with a strong induction of AQP4 mRNA in perivascular glial cells. Restoration of the barrier was associated with high induction of AQP4 mRNA in parenchymal reactive astrocytes and perivascular glial processes, suggesting that high levels of AQP4 mRNA may be beneficial under these circumstances.
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Imaging Techniques Used in Identifying the Type of Edema
It is possible with the aid of MR imaging techniques to measure the diffusion of water in brain tissue. This is usually expressed as the ADC. A reduction in ADC is interpreted as a decrease in diffusion, whereas an increase in ADC is associated with an increase in diffusion. In cellular edema, the water is more closely bound and thus it would be expected to result in a decreased ADC. To test this, cytotoxic edema secondary to acute hyponatremia was induced with intraperitoneal injections of 2.5% dextrose in water and a subcutaneous injection of arginine vasopressin. 156 It was observed that the ADC was significantly reduced, and plots of ADC compared with total brain water showed a statistically significant inverse linear relationship between ADC and increasing brain water, indicating that ADC may be a sensitive indicator of cytotoxic brain edema and may enable quantitative evaluation of edema using diffusion-weighted imaging. In a photochemical model of cerebral infarction, ADC was measured and was found to be elevated in nonischemic tissue but was diminished in areas with histological evidence of ischemic damage or necrosis. 156 Similarly, reduced ADCs were found in the rodent middle cerebral artery model of ischemia, and ADCs were positive when fluid was infused into the parenchyma simulating an extracellular edema.
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In other experimental studies, the temporal change of water following closed head injury was followed acutely and over 14 days using MR imaging ADC methods. 17 In these studies, ADC was positive, signifying a vasogenic edema during the first 60 minutes postinjury. However, after this rise, the ADC steadily decreased and was minimal by 7 days postinjury. This study provided supportive evidence that cellular edema played a major role in traumatic brain swelling. 16 Other studies in which the authors used diffusion tensor in models producing vasogenic and cytoxic edema were correlated with histological findings, and diffusion tensor was found to be altered based on the edema subtype.
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Summary and Recommendations
Considerable effort has been expended in understanding the pathophysiology of brain swelling, and it is now clearer that increased brain tissue water and not vascular engorgement plays the most important role in the swelling process leading to raised ICP, reduced CBF, and potential herniation. We now appreciate that the abatement of the edematous process will depend on the type of edema that is contributing to tissue swelling. Extracellular or vaso-
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genic edema production is driven by barrier dynamics following injury. Treatments such as hypothermia, which will suppress prolonged secondary opening of the barrier, may prove to be effective therapies. The depth of hypothermia, its duration, and ideal rates of rewarming have yet to be established. 189, 196, 198 Decompressive craniectomy, which allows the brain to expand as it continues to swell, may also be effective in trauma and continues to be under careful study in the clinical setting. 23, 34, 149 Perhaps the most exciting new findings that speak to both the control of production and resolution of edema in both trauma and ischemia are the recent studies by Manley and colleagues 103 and others who have focused on AQP science. 
